ABSTRACT
INTRODUCTION
The timber industry generally has applied modern techniques of management to such things as plant location, layout, and materials handling.
However, the logging segment of the industry has been rather slow in adopting modern techniques, and there is still much room for improvement.
In the past several years, logging research efforts have increased and some improvements in logging and associated activities have been realized.
Much more effort is needed before maximum efficiency in these areas can be attained.
The objective of this paper is to develop a model that includes work roads in the optimization of skidding methods.
A work road is generally used only for harvesting and is usually not added to the permanent system.
Although the solution to this model requires a computer, it is known that many modem loggers have either direct or indirect access to computers for payroll and accounting purposes, or for other uses, and its use would not present a special problem for most of the potential users.
Although it is recognized that other constraints such as impacts on the environment (i.e., where they are significant and can be adequately appraised) could lie tlie deciding factors in some cases, only the direct cost of logging is included in this analysis.
It is believed, however, that the model presented here can be useful for forest areas where these environmental impacts are relatively insignificant. Also, this model will eventually be extended by our project to include other constraints.
One of the earliest attempts to optimize the spacing of logging roads was presented by Matthews (1942) in his text on logging.
Lussier (1961) showed how work road spacings can be optimized using some simplified models and the mathematics .of calculus.
For the lesser slopes (<20%) , these methods of Matthews and Lussier give fairly good results when road construction and skidding costs are available. Seihei Kato's (1966 Kato's ( , 1967 studies used a similar method of optimization.
His studies were concerned with the density of roads within an entire forest area and therefore included all of the development roads.
However, none of these analyses consider enough of the variables affecting cost.
A more complete method is needed; otherwise the full economic potential cannot be attained.
Some of the recent research findings of Brown (1967) and Carter (1968) conducted for and in cooperation with the Intermountain Forest and Range Experiment Station's Forest Engineering Research Laboratory, Bozeman, Montana, provide the basis for a more complete analysis procedure.
Brown developed a method of determining the effects of selected variables on the cost of skidding or yarding.
Carter developed cost equations for the principal variables that affect work road costs.
In this paper, data from these two studies are combined in a model to optimize the total harvesting operation.
A discussion of the general methods employed for each study follows.
Skidding and Yarding Studies
A rather large volume of field data on logging production has been obtained in the past 5 or 6 years for the equipment types and site conditions of the Rocky Mountain area.
Analysis of early studies established data-collecting techniques and indicated other variables that would have to be included in the analysis.
In his early studies. Brown (1967) used an analysis of variance technique developed by Draper and Smith (1966) called "backward elimination procedure" to eliminate the less significant variables and retain those that would give an adequate representation of production. The variables of slope, distance, logs per thousand board feet, and timber stand density are used in most of our prediction (regression) equations.
Several publications are available from the Intermountain Forest and Range Experiment Station in Ogden, Utah, reporting on the results of these studies (Gardner and Schillings 1969 , Schillings 1969a , Schillings 1969b ).
/ Forest Road Studies
A variety of problems related to the broad subject of forest roads is being studied at our laboratory; this includes design criteria both as related to economics and the environment, and the economics of forest roads associated primarily or exclusively with harvesting.
As studies progressed, it became apparent that we would have to include road costs related to harvesting in the total logging cost. The development of cost equations required the identification of all of the component costs involved and the variables affecting these costs. The objective was to obtain the minimum cost of log removal as a function of the controllable system variables.
In every case, the removal of logs involves several processes including:
Roads and Landings: 
Skidding of logs
The costs associated with the activities listed above are the function of several variables.
These costs and variables are listed below:
I.
Cost to move in aonstruation equipment C^= function of: The syinbols used for each variable are also given.
The optimization of log removal required the consideration of two general cases ( fig. 1 ).
The first oase involves harvesting a stand of timber that is accessible by contour work roads extending from an existing primary road (in the Rocky Mountain area, this is usually a climbing road), and the second case involves the construction of work roads that switch back and forth across the area to be harvested.
The first case is the simplest because the cost of switchbacks doesn't need to be considered in the total cost equation.
The seaond aassy which includes switchbacks, will be used in this analysis.
When the model is used for the nonswitchback case, this cost factor can be removed.
The development of the eight cost equations will not be discussed here because of the lengthy details and space required for complete understanding.
However, these equations are listed below. All costs are converted to a common unit of dollars per ore thousand board feet ($/MBF) . All distance measurements are in horizontal units. Values for productivity of construction equipment and productivity coefficients were derived from past records and studies. The objective is to be able to select the construction and skidding methods that give a minimum value of total cost (C^).
The minimum value of .C^occurs at some unique value of road spacing or some unique combination of values for road and landing spacing.
The first step in finding the optimum combination of methods is to find the layout or spacing that yields minimum cost for each possible combination. Then the combination that gives minimum total cost can be identified.
Because the objective was to find the optimum spacing of roads and landings, the partial derivatives for X (road spacing) and Y (landing spacing), when each equation was set to zero, were taken for the case of landings and no landings.
This was done first for the case with no landings.
The two equations were solved simultaneously, using iteration, to find the road and landing spacings that gave the minimum total cost of logging.
An electronic computer was used for the solution; the flow diagram ( fig. 2 A large crawler tractor equipped with a ripper tooth will be used for road construction.
The equipment and layout are as follows:
Layout:
Dm, cost of two-man crew in $/hr. = $10.00 I'm, cocrficicnt of production of layout crew The use of these methods does not require complete understanding of the mechanics of development of the model, but only the correct application.
The example presented in this paper illustrates this. Q rt
